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S elf-assem bly is an appealing b o tto m -u p  approach to  organize a va­rie ty  o f bu ild ing  blocks a t the 
nanoscale.1-3 Position ing self-assembled 
structures in a con tro lled  fashion is, how ­
ever, still a challenge. N anom an ipu la tion  is 
an a ttrac tive  to o l to  organize nanostruc­
tures and to  address th e ir  properties. Scan­
ning probe techniques inc lud ing  scanning 
tun ne ling  m icroscopy (STM) and a tom ic 
force m icroscopy (AFM) can be used fo r 
such m an ipu la tion . A tom s and m olecules 
can be positioned  in a con tro lled  fashion in 
a varie ty  o f nanostructures,4 w h ile  inorgan ic 
nanopartic les can be pushed or sw ept5-7 
by an AFM tip . Chains and even w ords could 
be "w ritte n " on the  nanoscale, and in some 
cases nanodevices were constructed by 
placing these structures betw een elec­
trodes.8 C om bin ing  self-assembly w ith  
nanom an ipu la tion  the re fo re  seems an a t­
tractive  approach fo r  the  construction  o f 
functiona l nanostructures w ith  positional 
con tro l.9 However, assemblies o f m olecules 
or particles held to g e th e r by noncova lent 
supram olecular in teractions, are o ften  too  
fragile  to  be m an ipu la ted  by scanning 
probe m icroscopy.10 The pos ition ing  o f self­
assembled objects has been achieved in so­
lu tion  using optica l tw eezers11 and so- 
called probe m an ipu la tion .12
Hybrid nanopartic les based on ino r­
ganic and organ ic (sem i)conductors have 
gained a lo t o f in terest recently,13 and the 
app lica tion  in to  e lectron ic  devices is being 
explored in tensive ly.14-16 The self-assembly 
o f such particles offers a to o l to  con tro l the 
in ternal o rgan ization o f these hybrid  m ate­
rials and the reby th e ir m acroscopic
ABSTRACT Gold (Au) nanoparticles have been synthesized th a t are stabilized by an organic ligand bearing a 
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w ith  n anom eter precision and w ith o u t substantial loss o f m ateria l.
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p roperties.17-24 We have recently described 
th a t hybrid  go ld  nanoparticles decorated 
w ith  o ligo(p -phenylene  vinylene) (OPV) 
ligands, self-assemble in to  spherical aggre­
gates in n -b u ta n o l25 and w a te r so lu tion .26 
Transmission e lectron m icroscopy (TEM) 
showed th a t these so ft assemblies collapse 
upon transfer from  so lu tion  to  the  solid 
state. We have now  synthesized go ld  nano­
particles functiona lized  w ith  d iffe re n t OPVs 
in w h ich  the  size o f the  inorgan ic go ld  core 
was varied as w e ll (Chart 1). These OPV 
ligands con ta in ing  hydroxy groups, are 
know n to  fo rm  s tiff organogels in apo lar sol­
vents as a result o f ^ -^ - s ta c k in g ,  hydro­
gen bond ing , and van der Waals 
in teractions.20,21 The resulting O P V -A u  par­
ticles can be self-assembled reversib ly in 
heptane so lu tion  y ie ld ing  spherical, 
m icrom eter-sized aggregates w ith  a tu n ­
able shape persistency. These unprec­
edented, shape-persistent, self-assembled 
objects were characterized by TEM to m o g ­
raphy and, rem arkably, could be moved
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Chart 1. Chemical structure of tw o oligo(p-phenylene vinylene) (OPV) derivatives (OPV1 and OPV2), both bearing hydroxy 
and disulfide functionalities, w ith varying aliphatic side groups (left) and a cartoon illustrating the reversible self-assembly of 
the corresponding OPV—Au nanoparticles in to  shape persistent, spherical assemblies in heptane (right).
over the  surface o f th e  substrate by m echanical force 
app lied  via  the  t ip  o f an AFM m icroscope.
RESULT A N D  D ISCU SSIO N
Synthesis. The synthesis o f OPV1 (Chart 1) and the  
OPV1 —A u  particles w ith  a go ld  core o f 2.4 nm  d iam ­
eter have already been reported.27 The synthesis o f 
chiral OPV2 is analogous to  OPV1.28,29 O P V -g o ld  nano­
partic le  adducts (OPV1 —A u  and O P V 2—Au) w ith  d if­
fe ren t go ld  core sizes w ere ob ta ined  via  tw o  d iffe ren t 
m ethods.30-34 In the  firs t m ethod , hydrogen te trach lo - 
roaurate(III) was reduced by sod ium  bo rohyd ride  in the 
presence o f OPV1 or O PV2.18 In the  second m ethod  
firs t te tra -n -oc ty lam m on ium  b rom ide  (TOAB)-capped 
go ld  nanopartic les w ere synthesized, and subsequently 
the  TOAB was exchanged fo r OPV1 or OPV2.35 The 
size o f the  go ld  core o f the  OPV1 —A u  and O P V 2—Au 
particles prepared by the  firs t m ethod  was approx i­
m ate ly 2.4 nm  as de term ined  by TEM. The second 
m ethod  yie lds m etal cores characterized by an aver­
age d iam ete r and standard devia tion  o f 4.0 ±  0.9 nm 
(O PV1—Au) and 4.2 ±  1.1 nm  (O PV2—Au).22 The posi­
tio n  o f th e  surface plasm on (SP) absorp tion  bands in 
to luene  fo r the  ind iv idua l O P V -Au partic les was consis­
te n t w ith  the  size estim ated from  TEM.36 For th e  small 
particles a shou lder around X =  500 nm  is observed 
w h ile  a broad, m ore d is tinc t peak centered at X =  526 
nm  is ob ta ined  fo r th e  larger O P V -A u  partic les (Figure 
1). Furtherm ore, in all cases th e  characteristic absorp­
tio n  band fo r tr im e ric  OPVs cou ld  be discerned around 
406 nm.37
Self-Assembly. U V -v is  absorp tion  spectroscopy 
showed th a t 2.4 nm  OPV1 —A u  particles dispersed in 
n -hep tane (2 X  10-5 M) w ere present as single species 
at elevated tem pera tu res (T >  40 °C, Figure 2a). Under 
these cond itions, th e  spectrum  is s im ilar to  th a t o b ­
ta ined  fo r d ilu te  to luene  so lu tions (Figure 1). Upon coo l­
ing, the  go ld  surface p lasm on band broadens and shifts 
to  longer w ave lengths, po in tin g  to  aggrega tion  o f the  
nanopartic les (Figure 2a).12,38,39 This aggrega tion  p ro ­
cess was fo u nd  to  be reversible. A t a low er concentra­
tio n  o f th e  partic les in so lu tion  (4 ^M , Figure 2b), the  
broaden ing  and redsh ift o f th e  SP band is less p ro ­
nounced. This ind icates a sm aller average size o f the  ag­
gregates under these cond itions. A t a 1 ^ M  concentra­
tio n  (Figure 2c), the  changes in th e  SP band upon 
coo ling  are m arginal. A t these lo w  concentra tions, the  
spectra are v irtua lly  iden tica l to  those in to luene.
Self-assembled aggregates o f the  nanopartic les can 
be visualized by TEM on dried film s o f th e  OPV1 —Au 
nanopartic les deposited  from  heptane so lu tions (2 X 
10-5 M) on carbon-coated copper grids. TEM m easure­
m ents at d iffe ren t t i l t  angle o f th e  substrate (0°, 60°, and 
-6 0 ° ,  F igure 2) show  tha t, in th e  d ry  state, the  aggre­
gates have a shape th a t is a lm ost spherical w ith  an av­
erage d iam ete r o f 1.02 ±  0.05 ^ m .40 This rem arkable 
fea ture  ind icates th a t the  spherical nature o f the  aggre­
gates expected to  occur in so lu tion  is preserved after 
transfer to  th e  am orphous carbon surface o f the  TEM 
grid. A pparen tly , here the  in tro d u c tio n  o f a hydroxy 
func tiona l g roup  in the  OPV ligands enforces the 
n a n o p a rtic le -n a n o p a rtic le  in teractions, m aking them
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Figure 1. (a) Normalized UV—vis absorption spectra o f OPV1 — Au (dAu =  2.4 and 4.0 nm) and OPV2 — Au nanoparticles (dAu 
=  2.4 and 4.2 nm) in toluene. (b) TEM image o f the OPV—Au particles cast from dilu te toluene solution w ith dAu =  4 nm.
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Figure 2. Self-assembly behavior o f OPV1 — Au nanoparticles w ith, dAu =  2.4 nm at concentrations o f 2 x  10—5 M (a), 4 ^.M 
(b), and 1 ^.M (c) in n-heptane. Top row: temperature dependent optical properties o f the solutions (optical path length, 1 
mm). Lower rows: corresponding TEM images at different t i l t  angles (0, 60, and —60°) on aggregates deposited from hep­
tane solution.
s tro n g e rth a n  the  n a n o p a rtic le -su b s tra te  interactions. 
This results in a large "con tac t ang le" and poor "w e t­
t in g " as observed from  the  TEM t i l t  experim ents. W hen 
depos iting  aggregates o f O P V 1—A u  (dAu =  2.4 nm) 
nanopartic les from  heptane solutions w ith  a low er con­
cen tra tion  o f nanopartic les, th a t is, 4 and 1 ^ M , TEM 
on the  dry aggregates also shows spherical shapes w ith  
average diam eters o f 5.6 ±  0.9 X 102 and 2.4 ±  0.3 X 
102 nm, respective ly (Figures 2). This indicates th a t the 
d iam eter o f the  aggregates decreases upon low ering 
the concentra tion  o f the  OPV1 —A u particles. This trend 
corresponds w ith  the  inference made from  the  tem pe r­
ature dependen t absorp tion  studies (Figure 2). Curi­
ously, TEM o f the  aggregates cast from  d ilu te  so lution 
(1 ^ M , Figure 2c) indicates a d im in ished shape 
persistency.
Aggregates prepared from  a 4 ^ M  O P V 1—A u  solu­
tio n  in heptane were studied in m ore detail. The shape 
persistency o f the  spherical assemblies was confirm ed 
by AFM im aging in ta p p ing  m ode, on h igh ly  oriented 
pyro ly tic  g raph ite  (HOPG), w here he ights o f several 
hundreds o f nanom eters were measured (Figure 3a,b). 
In add ition , dynam ic lig h t scattering (DLS) on the  solu­
tions used fo r deposition  o f the  aggregates revealed
www.acsnano.org
th a t spherical ob jects w ith  an average d iam eter o f 5.4 
±  1.6 X  102 nm are present in so lu tion  (Figure 3c), in 
good agreem ent w ith  the TEM results.18,22 TEM im aging 
at h igher m agnifica tions, shows t ig h t  packing o f the 
O P V -A u  particles w ith in  the  aggregates (Figure 3d). In­
c identally, TEM a t low er m agn ifica tion  shows th a t clus­
te ring  o f the  m icrom eter-sized aggregates can occur 
(Figure 3e).
The data set on the  O P V 1—A u  system allows us to  
analyze the  self-assembly process in m ore detail. A p lo t 
o f the  average d iam ete r and standard devia tion  o f the 
aggregates as a fu n c tion  o f the  to ta l concentra tion  C0 of 
O P V 1—A u  (Figure 3f) shows th a t the  d iam eter in ­
creases w ith  increasing C0. A sim ple m odel fo r the  asso­
ciation o f m onom eric  units w h ich  features such behav­
ior is the  isodesm ic (or equal K) m odel.41 In this 
m odel— in the  lim it o f h igh concentra tion— the aver­
age num ber o f m onom eric  units in one aggregate  var­
ies as V O )  in the  lim it o f h igh C0. This lim it applies be­
cause the  num ber o f particles in the  aggregates under 
study is large (> 1 0 4). Then, fo r spherical aggregates, 
one expects the  d iam eter o f the  aggregates to  scale as 
C01/6. This lim itin g  behavior is illustra ted in Figure 3e by 
the solid line. As can be seen, the  trend  p red ic ted by
A3NANOVOL. 4 - NO. 1 1 - 6501-6508 - 2010 6503
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Figure 3. Atomic force micrograph o f aggregates o f OPV1 — Au after 
deposition from heptane 4 ^.M, recorded in tapping mode (a), and the 
corresponding height cross sections in nm (b). D istribution function for 
the occurrence o f aggregates o f OPV1 —Au as a function o f radius R in 
n-heptane solution at 4 ^.M, as determined from dynamic light scatter­
ing (c). High magnification image taken at the edge o f a spherical aggre­
gate o f OPV1 — Au nanoparticles after deposition from n-heptane 4 
^.M (d). Clustering o f aggregates deposited from a 2 x  10—5 M solution 
in n-heptane (e). Diameter o f aggregates plotted versus the total con­
centration C0 o f OPV1 —Au particles. Solid line, prediction from isodes- 
mic model; dashed line, d  & C01/3 (f). For all graphs, dAu =  2.4 nm.
the  isodesmic m odel resembles the  experim enta l data 
in a qua lita tive  sense. Yet, upon closer inspection, the 
experim enta l data actually show  a steeper dependence 
on C0 than  p red ic ted by the m odel and apparen tly  fo l­
low ing  a C01/3 pow er law. In add itio n  to  th is  discrepancy, 
w e also note th a t in the  h igh concentra tion  lim it, the 
isodesm ic m odel predicts a standard devia tion  fo r the 
d iam ete r d  th a t is equal to  the  mean value o f d.31,42 In 
contrast, the TEM and DLS data ind icate  a standard de­
v ia tion  in d  sm aller than  0.3d. We conclude tha t, a l­
th o u g h  the  isodesm ic m odel is able to  account qua lita ­
tive ly  fo r the  observed trend , it  does n o t p rov ide a 
com p le te  descrip tion  fo r the  aggrega tion . A C01/3 pow er 
law  fo r the  d iam eter o f aggregates has also been o b ­
served fo r o th e r systems43 and can be in te rp re ted  in 
term s o f long-range in teractions.44 In add ition , aggrega­
tio n  can be in fluence by coopera tiv ity45 and by polydis- 
persity in the  size o f the  aggrega ting  particles. For gold 
nanopartic les w ith  a shell o f o rgan ic ligands, th e ir te n ­
dency to  aggregate  depends on the  d iam eter o f the 
particles.46 Clearly, if  th is is the  case, then  fo r ou r poly-
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disperse nanopartic les, the  isodesm ic m odel can only 
be an app rox im a tion . In th is  p icture , aggregates w ill 
fea ture  an ou te r shell o f w eakly bound, sm aller nano­
particles th a t prevents fu rth e r association o f the cores 
con ta in ing  m ain ly  the  larger particles.
By s tudy ing  the  aggregation  behavior o f O P V 1—Au 
particles w ith  a m etal core o f larger d iam eter we in­
deed find  experim enta l evidence fo r the  in fluence of 
the  d iam eter o f the go ld  core on the  aggrega tion  be­
havior. A t a concentra tion  o f 0.5 ^ M , OPV1 —A u par­
ticles w ith  dAu =  4.0 nm  do fo rm  aggregates in 
n -heptane  accord ing to  the  abso rp tion  spectra (Figure 
4a) w h ile , a t such low  concentra tion , the O P V 1—Au 
particles w ith  dAu =  2.4 nm  do n o t ye t self-assemble.
A t elevated tem pera tu res (T >  70 °C), the  0.5 ^ M  solu­
tio n  o f 4.0 nm O P V 1—A u  in n -heptane showed a SP ab­
sorp tion  band around X =  524 nm, sim ilar to  w ha t 
was observed in to luene  (vide supra) and typ ica l fo r par­
ticles o f these dim ensions. Below a tem pera tu re  o f 70 
°C th e  SP band o f the  O P V 1—A u  particles broadened, 
ind ica ting  the  fo rm a tion  o f aggregates,12,28 and a t room  
tem pera tu re  p rec ip ita tion  occurred readily. Further­
more, TEM im aging  reveals aggregates w ith  a d iam ­
eter o f 7.5 ±  0.8 X  102 nm  fo r 4.0 nm OPV1 —A u  nano­
particles w hen cast from  n-heptane  so lu tion  w ith  0.5 
^ M  concentra tion . In com parison, OPV1 —A u w ith  dAu 
=  2.4 nm a t the  low est concentra tion  fo r w h ich  we 
have seen aggregate  fo rm a tio n  in TEM (1 ^M ), forms 
aggregates w ith  2.4 ±  0.3 X 102 nm diameter.
Influence of the Organic Ligand. An add itiona l to o l to  in­
fluence the self-assembly behavior o f the  nanoparti­
cles is to  change the  chem ical structure  o f the organic 
ligands. Here w e find  th a t the  in tro d u c tio n  o f branches 
in the  side chains o f the  ligands (OPV2) reduces the 
shape persistency. U V -v is  absorp tion  experim ents on 
O P V 2—A u particles (dAu =  2.4 ±  0.4 nm) show  tha t, at 
a concentra tion  o f 2 X 10-5 M, the  SP band is fa r less 
sensitive to  changes in tem pera tu re  (Figure 4b) when 
com pared to  the  behavior o f OPV1 —A u  particles (dAu 
=  2.4 ±  0.6 nm, Figure 2a). This indicates th a t the d riv ­
ing force fo r aggregate  fo rm a tio n  is sm aller fo r 
O P V 2—A u in com parison w ith  OPV1 —Au. TEM on 
O P V 2—A u also shows spherical aggregates, b u t w ith  
an average d iam eter th a t is som ew hat sm aller than for 
O P V 1—A u (8.6 ±  1.1 X 102 nm vs 1.02 ±  0.05 ^ m , Fig­
ures 4b and 2a). Furtherm ore, TEM upon t ilt in g  the 
sample ho lder 60° and - 6 0 °  shows a d im in ished  "con­
ta c t angle". We conclude th a t the  branched side chains 
on the  OPV, enhance the  so lub ility  and in h ib it a tig h t 
packing o f the  a lipha tic  tails. This in fluence o f the  o r­
ganic ligands can also be observed fo r O P V 2—A u  nano­
particles w ith  a larger core (dAu =  4.2 nm). W hen cast 
from  a 0.5 ^ M  n-heptane so lu tion , w e find  evidence for 
aggrega tion  o f the  4.2 nm  O P V 2—A u particles in to  
clusters w ith  a d iam eter o f 3.0 ±  0.6 X 102 nm  (Figure 
4c). In contrast, the  4.0 nm  O P V 1—A u nanoparticles 
fo rm  aggregates w ith  7.5 ±  0.8 X  102 nm  d iam eter. This
www.acsnano.org
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Figure 4. Self-assembly behavior o f OPV1 —Au nanoparticles, dAu =  4.0 nm at concentrations o f 0.5 ^.M (a), OPV2—Au 
nanoparticles, dAu =  2.4 nm at concentrations o f 2 x  10—5 M (b), and OPV2—Au nanoparticles, dAu =  4.2 nm at concentra­
tions o f 0.5 ^.M (c). Top row: temperature dependent optical studies. Lower rows: corresponding TEM measurements at d if­
ferent t ilt  angles (0 and 60°), on aggregates deposited from n-heptane solution.
behavior is in accordance w ith  earlier studies on the  in­
fluence o f side chains on ge la tion  properties o f OPVs,21 
ind ica ting  th a t the  self-assembly can be tuned  in a s im i­
lar m anner as fo r pure ly  organ ic ^ -co n ju g a ted  sys- 
tem s.2
The rem arkable shape-persistent behavior was not 
observed fo r aggregates o f O P V -Au particles w ith o u t 
hydroxy fu n c tion a lity  on the  ligand and shorter 
branched side chains on the  OPV m oie ty .18,22 These la t­
te r aggregates collapse on apo lar surfaces. Therefore, 
we conclude th a t the  shape-persistent behavior is m ost 
likely the  result o f enforced in te rpa rtic le  in te raction  in­
vo lv ing  hydrogen bond ing  in teractions. The s im u lta ­
neous in teractions betw een m u ltip le  hydroxyl groups 
w ill give rise to  a so-called m u ltiva len t e ffect leading to 
an enhanced stab ility .47 The in te rpartic le  in teraction  
can be tuned  by bo th  the  size o f the  inner metal core 
and also via  the  structure  o f the  organ ic ligand. This 
suggests th a t the  net in te rpartic le  force is the  resultant 
o f m any types o f in teractions: van der Waals forces be­
tw een the  polarizable m etal cores36,48 and 
lig a n d - lig a n d  in teractions.49-52 In ou r case, the 
lig a n d - lig a n d  in teractions com prise van der Waals ef­
fects, ^ - ^  stacking, and hydrogen bond ing  interac-
www.acsnano.org
tions. The la tte r seem to  be o f m ajor im portance  fo r o b ­
ta in ing  shape persistent aggregates.
Nanomanipulation by an AFM Tip. Since the OPV1 —Au
aggregates are rem arkably stable and shape persis­
ten t, nanom an ipu la tion  experim ents o f these aggre­
gates w ith  the  t ip  o f an AFM m icroscope are carried out.
For these experim ents we have used tw o  d iffe ren t 
types o f surfaces.
The firs t type  o f substrate used is SiO2 treated w ith  
octadecyltrich loros ilane in o rder to  ob ta in  a fla t, apolar 
surface. OPV1 —A u aggregates were deposited from  a 2 
X 10-5 M so lu tion  in n -hep tane by drop-casting. Subse­
quen t AFM m easurem ents and m an ipu la tion  con­
firm ed the  size and shape-persistency o f the aggre­
gates on th is substrate. To th is end, pa rt o f the  surface 
was m od ified  w ith  triangu la r m etal patterns deposited 
by p h o to lith o g ra ph ic  m ethods, before m od ify ing  the 
surface w ith  octadecyltrich loros ilane. The pa ttern  gen­
erated was such th a t the  vertices o f tw o  triang les were 
a t a spacing o f 200 nm. As show n in Figure 5, th is  pat­
te rn  facilita tes the  de te rm ina tion  o f the  position  o f the 
aggregates upon m an ipu la tion . From a cluster o f aggre­
gates located a b o u t 7 ^ m  from  the  gap betw een the 
metal triangles (Figure 5a), a particu la r aggregate  was
A3NANOVOL. 4 - NO. 1 1 - 6501-6508 - 2010 6505
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Figure 5. AFM images m onitoring the different stages of the manipulation o f an aggregate o f 2.4 nm OPV1 — Au nanoparti­
cles w ith an AFM tip  along an octadecyltrichlorosilane-coated SiO2surface after deposition from n-heptane (2 x  10“ 5 M). (a) 
Starting point. Arrow indicates the aggregate that has been pushed from the cluster of aggregates. (b,c) Intermediate stages 
o f moving the aggregate toward a pair o f photopatterned lithographic metal pads. (d) Zoom in on the pair o f markers. 
(e—h) Intermediate stages o f pushing the aggregate in between the metal markers on the Si substrate. (i) End point. The ag­
gregate has been placed in between the pair o f lithographic metal structures.
separated from  the  main g roup  by th e  AFM t ip  next to  
the  aggregate, opera ting  in con tact m ode. This self­
assembled hybrid  aggregate  cou ld  then  be m oved over 
the  surface and pushed tow a rd  th e  spacing betw een 
the  triangu la r m etal patterns (Figure 5b,c). A fte r push­
ing, th e  position  o f th e  partic le  was probed in tapp ing  
mode. Finally, by carefu lly tak ing  small steps, th e  aggre­
gate cou ld  be positioned  be tw een th e  pair o f lith o ­
graph ic m etal pads (Figure 5 d - i ) . 22 The aggregate  
cou ld  be pushed at least 20 tim es w ith o u t undergo ing  
m ajor changes and w ith o u t losing parts.53,54
The second type  o f apo lar surface th a t w e have in ­
vestigated is freshly cleaved HOPG. On th is surface, 
OPV1 —A u  aggregates w ere deposited from  a solution 
in n -heptane  by drop-casting. In teresting ly, using the 
AFM tip  fo r m an ipu la tion , en tire  aggregates can be re­
m oved from  th is  surface, leaving barely a trace ind ica t­
ing its orig ina l position . This is illustra ted  in Figure 6, 
w here  the  w h ite  a rrow  illustrates the  aggregate  th a t is 
rem oved from  the  scan area by th e  tip . As can be seen 
on ly  a very small am oun t o f m ateria l is le ft beh ind  on 
the  surface a fte r rem oval o f th e  particle. From the  ex­
p e rim en t it d id  no t becom e clear w here  the  partic le
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th a t was rem oved w ent. It cou ld  no t be fo u nd  in the 
10 X 10 ^ m 2 scan area around the  orig ina l position  and 
m ig h t have been p icked up w ith  th e  AFM tip . Neverthe­
less, ou r results clearly illustra te  th e  s treng th  o f the  co­
hesion in the  OPV1 —A u  aggregates y ie ld ing  very 
stable hybrid  nanospheres.
CO N C LU S IO N S
Gold nanopartic les functiona lized  w ith  
^ -co n ju g a te d  OPV segm ents have been self-assembled 
in to  spherical, shape persistent, nanom eter-sized 
spherical aggregates in n-heptane. The shape persis­
te n t behavior is a result o f sim ultaneous w eak noncova- 
len t in te ractions be tw een th e  ^ -co n ju g a te d  OPV seg­
m ents g iv ing  rise to  a m u ltiva len t e ffect leading to  an 
enhanced stab ility . In teresting ly, the  shape persistency 
and size o f these aggregates can be tuned  by m od ifica ­
tio n  o f e ithe r th e  o rgan ic ligands, the  size o f the  metal 
core size, o r by ad jus tm en t o f the  concentra tion . This il­
lustrates the  versa tility  o f o rg a n ic - in o rg a n ic  nanohy­
brid  materials. W ith  the  resu lting  properties it is pos­
sible to  m an ipu la te  self-assembled aggregates w ith  an 
AFM tip . Our m ethod  fo r creating shape-persistent ob-
www.acsnano.org
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Figure 6. AFM manipulation o f OPV1 —Au aggregates (dAu =  2.4 nm) on HOPG. Top row: 4 x  5 ^.m tapping mode images 
in top view; height scale, 0 —300 nm. Bottom row: 10 x  10 ^.m2 images in perspective. The left column shows the substrate 
before removal o f the aggregate indicated by the white arrow, while the right column shows the sample after taking out this 
aggregate w ith the AFM tip  in contact mode.
jects opens new  possib ilities fo r realizing nanosized 
plasmonics a n d /o r e lectronics via  com b ined  self­
assembly (bo ttom -up ) and nanom an ipu la tion  (top- 
dow n) structuring.
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